Abstract-This paper presents a study of the installation of a hybrid PV-Wind power generation system for social interest houses in the city of San Luis Potosi, Mexico. To assess the benefits of the implementation of this type of systems, a technological, economic and environmental evaluation is carried out based on the available renewable energy resources and considering a typical load profile of consumers. The obtained results show the feasibility of installation of small capacity hybrid generation systems in the city, however governmental incentives must be implemented to make more attractive and affordable the proposed systems for medium/low income users.
INTRODUCTION
In Mexico, the use of renewable energy sources (RES) to generate electricity is increasing in the last years [1] , due to the incentives granted by the government for the use of environmentally friendly alternative energy sources, the high prices of petroleum fuels and the availability of RES in specific areas of the country [2] .
In addition, with the recent Energy Reform in Mexico [3] , it is possible to generate electricity under certain schemes, and this has made that the generation of electricity using wind and solar energy more attractive to the industry, as well as for private consumers.
Among the major drawbacks of these types of generation are the intermittence of the raw material [4] , their associated connection and control systems [5] , and their impact on the power quality [6] . To cope some of these problems, the combine use of RES is an attractive solution that is being widely used, e.g., hybrid photovoltaic (PV)-wind power generation systems [7] .
However, in the case of hybrid PV-wind power generation systems, the raw material has high variability and unpredictability, which makes necessary to carry out careful site assessment studies in order to obtain a set of meteorological site conditions relevant for the design/selection of the system's components, also it is necessary to evaluate the benefits of the installation of this type of systems [8] .
In this work, a techno-economic evaluation of a hybrid PVwind power generation system connected to the grid for residential application in the city of San Luis Potosi, Mexico is presented. Besides, the environment benefits are calculated.
The rest of this paper is organized as follows: Section II presents a description of the site where this study takes place; Section III shows the characteristics of the PV modules and wind turbine selected for the study; Section IV describes a typical load profile for a social interest house of the city of San Luis Potosi and the available RES; in Section V the energy, economic and environmental balances obtained are presented and discussed; finally, Section VI draws the main conclusions of this work.
II. AVAILABLE ENERGY RESOURCES IN SAN LUIS POTOSI
The city of San Luis Potosi is the capital of the State of the same name, located in the center of Mexico. It has an average altitude above the sea level of 1,860 m, and it is the 11 th largest city of the country. The electric power consumption of the city has been increased in the last years due to the industrial development, according with the Secretariat of Energy of Mexico (SENER), the current electrical power consumption of the State per month is 517.297 GW-hour [9] .
The geographical conditions of the State of San Luis Potosi are quite adequate for the generation of electrical energy by means of renewable energy technologies, in special, its geographical position very close to the Tropics favors the collection of solar radiation, and in some months of the year there is a significant wind power potential. Table I shows the resume of the wind and solar potential in the city of San Luis Potosi in a typical year. The measurements of these resources have been reported in previous contributions [10] - [11] . Fig. 1 shows the behavior of solar radiation in the city of San Luis Potosí [10] , where Bodm, Hdm(0), Bdm(0), and Ddm(0) are the monthly average daily extraterrestrial, global, direct, and diffuse radiation on a horizontal surface, respectively. From this figure, it can be observed that through the year the average monthly solar radiation exceeds the 6 KWh/m 2 -day, which is suitable for the installation of PV panels. On the other hand, Fig. 2 shows the behavior of the wind in the city of San Luis Potosi [11] , with values of wind speed between 5 m/s to 10 m/s, and gusts above 15 m/s. The obtained wind rose for this data is shown in Fig. 3 ; from this figure, it can be seen that the prevailing winds are flowing towards the east. Considering the above-presented data, the solar resource is adequate for the installation of PV plants of any capacity. While in the case of the wind resource, the probability to have wind speeds around 5 m/s is higher and this value is suitable only for small-size wind turbines. Hence, it is possible to conclude that is feasible to install PV-wind generation systems for small power consumption applications in the city.
III. COMPONENTS OF THE HYBRID SYSTEM
Hybrid power generation systems based on two or more RES with or without the use of conventional energy sources are becoming more attractive for stand-alone applications in isolated sites due to the advances in renewable energy technologies and power electronic converters, but also, they are sometimes connected to the grid to have support of the power system in case of non-availability of the RES and to avoid the use of storage elements [12] . One important characteristic of these systems is that the combination of two or more RES makes possible to do the best use of their operating characteristics and to obtain efficiencies higher than those obtained with a single power source [12] .
In the case of Mexico, for residential applications by law, it is only possible to install wind and solar generation systems connected to the grid [3] .
In this work, a PV-wind power generation system is proposed for a typical load profile of a social interest house of the city of San Luis Potosi. A social interest house is a small house that governments of many countries build for people of low/medium incomes. According with the study presented in [13] , a typical electric power consumption in houses in the center of the country is 1.2 kWh per day, and based on this value it is selected the PV panels and a small capacity wind turbine. Table II shows the characteristics of the PV system selected in this paper that satisfy the needs of the project. In the same way, a wind turbine that can provide the electric power needed for the project and that operates with the wind characteristics presented in the city is selected. Table III and Fig. 5 shows the characteristics and the power curve of the 1.8 kW wind turbine selected in this work. 
IV. LOAD PROFILE AND ENERGY AVAILABLE
The combined use of PV panels and small capacity wind turbines can provide almost all the electric energy that is needed in a social interest house. Fig. 6 shows the behavior of a typical load consumption profile of this type of houses in San Luis Potosi, also it can be seen the electric power generated by the selected PV and wind generation system through the year. It can be seen from Fig. 6 that the highest electric energy consumption occurs after the 8 pm and its maximum value at 9 pm; from 7 pm to 2 am the wind generation system can provide the required electric power in almost all months of the year. On the other hand, the PV generation system provides the necessary electric energy to the house from 7 am to 5 pm approximately; the surplus energy is injected to the grid and it is considering as an "energy credit", and this credit is used in the instants of time where the hybrid system is not able to provide the required energy. Also, please note that the grid compensates the lack of generation at certain times of the day.
It is important to mention, that an energy balance must be made to know how much energy must be provided by the grid, and what is the cost of this energy in comparison with the energy produced by the hybrid generation system. 
V. RESULTS AND DISCUSSIONS
In this Section are presented the energy, economic and environmental balances obtained with the measurements of the solar and wind resources and considering the characteristics of the proposed hybrid system.
A. Energy balance
The energy generation projection of the PV system connected to the grid was calculated by assigning constant values to the performance of its components, and these values were calculated considering a specific period of operation. The equations and models used can be consulted in [14] - [15] , due to paper length limitations are not listed in this paper.
Table IV shows the energy balance for the PV system. From this table, notice that the energy estimation of the system considerers the losses with an average performance ratio (PR) of 74% per year. The system generates a monthly average AC power (W Grid,mth ) of 2 kW, obtaining a stable annual production of energy injected to the grid (E Grid,mth ) of 5.165 kWh, in relation to the characteristics of the system. The average daily efficiency of the inverter (η inv ) was modeled with a value about 88-90%, therefore, its behavior is good during the periods of operation, considering that only between the 12% and 13% of the total energy received in the plane of the surface of the PV module is used (η Array ). On average, the performance of the system (η Sys ) fluctuates between 10% and 12% in relation to the operation of the inverter, a variation strongly associated with the level of daily global irradiation. On the other hand, the energy balance calculated for the wind generation system is shown in the Table V. The obtained values were calculated using the power curve method [16] ; this method is based on the power curve of the selected wind turbine and the probability distributions obtained from the wind [17] - [18] .
In this case, the calculated monthly capacity factor (CF) has values between 24% and 32%; this value varies significantly from one month to another, due to the great influence that the nominal wind speed has on the wind generator. In terms of hours (CF hr ), the wind generation will be working 6173 hours in one year, with a minimum value of utilization in February and a maximum in July, respectively. The annual power delivery (E Grid,mth ) projected is 3445 kWh, and the monthly average power generated (W Grid,mean ) varies from 0,496 kW to 0,785 kW. The highest power output (W Grid,max ) injected into the grid considering the maximum wind speeds of each month is in the range of 1 kW to 1.7 kW. The energy generated from the wind system without considering the efficiency of the connection system (E wind,mth ) varies from 264 kWh to 431 kWh, and it has a different behavior than the projected power density (PD) with values from 233 W/m 2 to 563 W/m 2 ; this is because the power generated by a wind turbine is determined not only by the Weibull distribution parameters of the wind speed, but also by the characteristics of the wind turbine, while the power density is determined only by the Weibull distribution. 
B. Environmental balance
The use of renewable energy sources has a positive impact in the environment. Each source has unique benefits, for example, reduction in the global warming emissions. Table VII shows the number of emissions that are avoided per kilowatt-hour of electricity generated using the hybrid system. In total every year 24.729 kg of SO 2 , 10.919 kg of NO x , and 3.668 kg of CO 2 per kWh are not delivered to the atmosphere using the proposed system, which is a positive benefit for the environment. 
C. Economic balance
With respect to the economic balance, three scenarios were evaluated using two schemes of regulation of energy injection to the network, net metering and net billing [22] . The variables used in these models are the local generation consumed, the excess energy, the net consumed energy, the income for selling the excess, the self-consumption, and the energy value. The energy balance formulation where proposed by Poullikkas and Yamamoto in [23] and [24] , respectively. These schemes are often used in the practice by owners of distributed generation units to compensate their electricity consumption from the network with own local generation. The first scenario studied considers an investment of 100% by the owner, the second case a 50% of investment by the owner and the rest financed by an external entity, and the third case a 40% of investment by the government and the rest by the owner. The total cost of the hybrid PV-Wind generation system is $3216 USD. The interest rate considered is 6.75 % [25] .
• Case 1. Investment of 100% by own funds. Fig. 7 shows the economic balance for this case. Notice that after 25 years there is an income superior to eleven thousand dollars in the net metering scheme using the proposed system, and seven thousand dollars in the net billing scheme are obtained after recovering the investments made. In the Table VIII is reported that the investment made is recovered in 5.5 years for the net metering scheme, and 7.8 years for the net billing scheme, resulting in an internal rate of return (IRR) of 18% and 12%, respectively. • Case 2. Investment of 50% by own funds and 50% financed by an external entity.
In this case, it is considered that the project is financed by an external entity (for example the bank), with the aim to assess the economical benefits obtained after paying the financing and recovering the initial investment. Fig. 8 shows that in this case, after 25 years the total income received after recovering the total investment and completing the payments to the financing entity is of six thousand dollars in the net metering scheme, while in the net billing scheme the income exceeds the amount of three thousand dollars. The income is less than the case previously presented due to the interests paid to the financing entity. The investment is recovered in 5.5 years for the net metering scheme, and 7.8 years for the net billing, resulting in an internal rate of return of 18% and 12%, respectively, which it is a higher value than the interest rate used by the entities in this study. This information can be consulted in the Table IX. • Case 3. Investment of 60% by own funds and 40% financed by the government.
Another case study considered is the financing by some government entities. In Mexico, this type of projects can be financed though the FIDE (Trust for the Electric Power Saving) and the SEDATU (Secretariat of Territorial Agrarian and Urban Development) [25] . The results obtained can be seen in the Fig. 9 , using both schemes the total income after recovering the investment and paid the financing excess the $12,000 and $8,000 dollars, for the net metering and net billing scheme, respectively. Table X shows that this case is the best option for the installation of the proposed system. The investment is recovered in 3.3 years for the net metering scheme and 4.7 years in the net billing scheme. This decrease in the recovery time is due to the interest rate defined by the governmental entities, and it is evident in the obtained internal rate of return, with values of 30% and 21% for each case. 
VI. CONCLUSION
Mexico is a country with great potential of renewable energy sources, specifically, those related to hydropower, wind energy, solar energy, geothermal energy and bioenergy. In this paper is presented an assessment of the feasibility of installation of a hybrid PV-Wind power generation system in the city of San Luis Potosi for social interest houses. The evaluation is based on energy, environmental, and economic balances. The results of the energy balance show that the wind and solar resources in the city are suitable for the installation of the proposed system; practically the total of consumption can be met with the proposed system connected to the grid. The environmental balance shows the benefits of the installation of the proposed system, per kilowatt-hour of electricity generated using this renewable energy sources are avoided in total every year 24.729 kg of SO 2 , 10.919 kg of NO x , and 3.668 kg of CO 2 . Finally, the economic balance show that with the proposed system, the total cost of the installation will be of $3,216 USD, and the payback is acceptable considering the three cases in two different schemes (net metering and net billing). The best option is the case 3 with the net metering scheme, with a net present value of $12,735.90 USD and a time of recovery of the investment in 3.3 years; the least favorable option would be the implementation presented in the case 2, using the net billing scheme, obtaining a net present value of $3,707.87 USD, and the recovery of the investment in 7.8 years.
The results show that the proposed project is feasible, and with governmental incentives these systems will be more attractive and affordable for medium/low income users.
